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INTRODUCTION. 



When the subject of this thesis \7as originally selected 
by the writer, the magnitude of its scope was not appreciated. 
A hasty examination into its literature failed to reveal 
the specific information desired, and a direct experimental 
determination was at once considered. Gradually as the 
literary search was extended without yielding that specific 
information, and as the detailed problems of the necessary 
experimental equipment appeared, he became conscious of the 
fact that any adequate treatment of the subject either 
literary or experimental demanded far more time than was 
at his disposal. Hence this thesis is presented as a pre- 
liminary report. The first part is in fact largely a sort 
of compilated resum^'of the most rel ovant and important re- 
sults that have come to his observation the past year in a 
search among the scientific records and literature available 
at this University; several days during t^.vo visits to Chicego 
Were spent in research at the John Crerar Technical Library, 
where considerable valuable material was found. Prom the 
nature of this part there will unavoidably be some repiti- 
tion; frequent comments and occasional abstracts have been 
made and reproductions of some of the most interesting gra^i- 
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deal illustrations have been prepared. Follov/ing this is an 
outline of the methods considered for experimental determina- 
tion of the several relations which it is now desired to in- 
vestigate ,and a description of some of the apparatus and 
arrangements that have been made for this purpose. 

The literature on the thermal properties of fluids, 
which includes their specific heats, is voluminous; the 
number of investigators is proportionately as great and inr 
eludes men from all parts of the scientific world. Especjal- 
ly is this true of thelast decade. To become familiar 
v/ith the most important results in the original would re- 
quire a residing knov/ledge of the English, German, French, 
Italian, Austrian, and Polish languages. Kuch of this has 
been translated into English, and most of it has been trans- 
lated or abstracted into French or German. The attain- 
ments of the \7riter, however, have limited him almost 
entirely to English and German. 

In nearly every case where quotations, direct or in- 
direct, have been made, the credit and reference therefor 
have been indicated. As stated before this report is pre- 
liminary — the literature of the subject is far from exhaust- 
fid, and some of the references found that appear ^ost valu- 




Digitized by 



Googl 



3. 

able have not yet been obtainable. But the attempt has beai 
made to present enough to indicate the general status of tie 
past and present investigations bearing on the specific heate 
of fluids, and their requirements of the im^r.ediate future. 
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The subject was first forcibly brought to the writer's 
attention in the perusal of an article* by Carl Linde on the 
efficiency of the regenerative process as applied to the pro- 
duction of liquid air by the method known as the self-in- 
tensification of cold. In his discussion of the thermal 
changes which the gas undergoes in passing through the ap- 
paratus, he showed by a simple application of Imown facts 
and the rmo dynamical principles, that only because of a chan^ 
of its specific heat with temperature and pressure is it 
possible for any permanent or continuous production of cold 
to occur. By an application of the Joule-Thomson law for 
the cooling-effect experienced by gas in free expansion, 
extended to the limits under consideration, he deduced an 
expression for the specific heat of air as a function of 
pressure and temperature; from which he calculated several 
values showing that the effect of a decrease of temperature 
or an increase of pressure is to augment in a remarkable 

manner the specific heat of air at constant pressure. (See 
Plate VIII. 

The Engineer, Vol. 82, 1896, p. 486, and 509^ j 
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The development of this relation as given by Linde 
will be presented later; suffice it here to say that the 
results derived were of so novel a nature and suggestive 
import as to arouse a desire to obtain evidence of their 
direct experimental confirmation. The fact that certain 
present and possible future commercial applications of fluids 
for the production of motive power or refrigeration, such as 
gas engines or turbines, and carbonic anhydride refrigerative 
machinery, depend, partially, for their success upon rela- 
tions similar to those above indicated; or at least that 
an explanation of their apparently anomalous behavior under 
certain conditions, may be supported -by these relations, 
furnished a further incentive to investigate them. 

The feasibility of the application -most interesting 
to the writer and one whose practicability is yet to be 
determined, depends directly upon the variation of specific 
heat with pressure, and in the study of the general subject 
so far, special effort has been made to learn— the influence 
of pressure on the specific heat (cp) of a fluid, when the 
pressures involved are greater than its critical pressure; 
and the temperatures involved . range from a minimum, where 
the fluid is in its dense and undercooled state, te. a teipper 
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ature sufficiently great to maintain the fluid in a super- 
heated gaseous state. 

A cursory examination into the available literature of 
the subject, failed to reveal any direct experimental deter- 
mination for air, but disclosed the fact that the thermal 
properties of CO2 (Carbonic Anhydride) have probably been 
more widely and thoroughly investigated than those of any 
other fluid. Hence it was thought prol>able that some of 
the parties who deal commercially in COg especially those de- 
signing and manufacturing COg tefS^lge rating machinery, 
might be posted as to the thermal relations desired. For 
this information a specific inquiry was sent to several 
dealeis in materials of this nature. The replies were all 
of a negative value concerning the information desired, 
but revealed a surprising uncertainty as to the thermal 
relations in general, under certain conditions, frequently 
arising in practice, where the results commercially attain- 



physicists, until recently at least, have admitted possible. 
For COg these conditions obtain when the temporature of 
condensing water is high. As the temperature of the liquid 



ed and the efficiency o^^ 



^^pparatus is far in exce 



ss of what 



2 rises, its heat of vaporization decreases, becoming 
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near 31°C. (88°F. ). See Plate I. In the coranon refrigera- 
tion machines (compression machinc.3, without expansion 
cylinders) using fluids like ammonia (NH3) or sulphur-dioxide 
(S02)» the coaling effect is produced by the (latent) heat 
of evaporation at low pressure. The heat here absorbed 
is given to the condensing water umder a higher pressure 
and at a higher temperature as the heat of condensation 
and the superheat of compression. If, as with CO29 the latr 

ter becomes zero, there can only be given to the condensing 
the 

water ^ superheat of compression; but since the total hen.t 
absorbed by the condensing water, less the heat produced by 
the compression of the fluid, is a measure of the possible 
coiling effect or refrigeration that can be produced, it 
would appear that this also should approach zero as the 
temperature of the condensing water increases. As a matter 
of fact, the capacity of the COg machines is corxSiderably 
altered, but they are fully as efficient, commercially 
at least^ (and per claims of their respective manufactur- 
ers), as are the NH3 machines operating with the same tem- 
perature of condensing water. This is one of the anomalies 
previously referred to, and was the occasion of an oral 
comment to the writer by one of the parties addressed, 
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expressing a disbelief in the correctness of the values 
of the several thermal properties of COg as given by various 
authorities and printed in their catalog* But so long as 
the machine is as efficient in v/arm climates as any other 
machine, and nearly as efficient as in colder climates un- 
fer more favorable conditions, American makers, at least, 
are apparently not troubling themselves severely as to the 
causes. Methods of design appear to be based very largejy 
upon practical results and observations rather than in 
combination with an intimate knowledge of the specific ther- 
mal properties involved in the use of the fluid under 
changing conditions. 

Considerable work of a practical experimental nature 
to determine the behavior of COg refrigerating machines 
has been done by Lorenz, Linde, Schroeter, and others 
in Germany. Their results, and others to be presented, 
lead the writer to the belief that this anomaly may be par-* 
tially explained by the variation both of the specific heats 
of COg and of the cooling-effect due to the so called free 
or unresisted expansion that the fluid undergoes in passing 
the expansion valve. 
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••In order to obtain a full knowledge of the thermo- 
dynamic properties of a homogeneous gaseous substance it 
is indi sponsible to make upon it a two-fold experimental 
investigation; besides its thermometrie and dynamic be- 
havior, its calorimetric properties ought to be studied 
independently. - - - - In the latter respect use may be 
made of the general laws of thermodynamics, - - - - from 
which it follows that in order to disclose the whole of 
the calorimetric properties of a homogeneous fluid, it is 
sufficient to investigate experimentally the specific heat 
in its dependence upon temperature, under a single constant 
pressure (usually taken b.s atmospheric) ; together with 
its compressibility and thermal expansion. - - - Prom 
these relations the variations of the specific heats as weU 
as their differences can be deduced from the fundamental 
equation of the substance, viz. ; v = F(pjt)." 

Failing this equation, these variations can be ob- 
tained by the "graphical calculus" if the data therefor 
are available for diagramatic representation. 

" The specific heat of atmospheric air under constant 
pressure has been : repeatedly measured. In the first rank 
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there stands the fundamental work of Regnault*^ fourteen 
years later these experiments were repeated by E. V/iedemanif, 
v/ith the help of a simpler form of apparatus. Regnault's 
experiments cover a range of temperature from +200^0. to 
-31^0. Air of ordinary density was tried as well as con- 
densed air up to 12 atmospheres. Notwithstanding these 
relatively extended limits Regnault was not able to discov- 
er any marked variation of the quantity Cp# Hence there 

arose the very general belief that the specific heat of air 
in*" * 

is a constant ^^dependent of temperature and pressure — an 
that 

opinion A^s will be seen further on, is far from correct. 
Wiedemann •s experiments were intended to control Regnault *s 
value of the specific heat. The results obtained by the tvo 
experimenters are only in approximate agreement. According 
to Regnault the most probable value of the specific heat 
between 0^ and 100^ is 0.-2374. Wiedemann's result is 
0.2389." (Recently A. Ludec thought to have discovered an 
error in Regnault 's experiments which if taken into account 
gave his value as 0.239, in almost exact agreement with 
results found by Wiedemann.)® . 



♦Relation des exi)^riences etc. , tome II, pp* 41-110, 
and pp 206-224* (Paris, 1862.) ' (pp. 19-22. 

#"Spe2. warme der Gase," Pogg. Ann, Vol.clvii 11876)^ 
®Comptes Rendue 126, 1898, pp. 1860-61. Sci. Abs. 1898, 

No. 1234. n r HK ' 
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Witkowski^^, ( from whom the preceding has been quoted), 
in preparing to investigate the variation of the specific 
heat of air with temperature and pressure, thought it worth 
while to re-determine once more the exact value of this 
important •constant*; especially so" since the thermodynamic 
scale of temperature is now better understood and our know- 
ledge of the variation of the specific heat of water v/ith 
temperature is more exact and extended." His result is 
nearly identical with that of Regnault. The experiments 
were carried to a t>i)mperature of -170^0. under atmospheric 
pressure. He concludes, "we may assert with cert&inty that 
the specific heat of air under atmospheric pressure does 
not vary in a sensible manner down to a temperature of -100^ 
and are warranted in considering it as a constant , (0.2372) , 
from -100^0. down to -170^". 

Lussana, experimenting at higher temperatures found the 
influence of temperature to be just the contrary '(to that 
found by Witkowski), at low tempera tures^ but on the other 
hand it has been shown that for some gases the specific 
heat at constant atmospheric pressure increases with in- 



^hil. Mag. S. 5, Vol. 42, 1896, pp. 1-37. 
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creasing temperature. For instance for COg Regnault gives: 
Temp. ^0. Sp. Heat. 

-28 to -•-7 ' 0.1843 

4-15 to •••lOO 0.2025 
+11 to f214 0.2170 
Wiedemann's figures are; 

at 100 0.2169 
" 200 0.2387 
Recent experiments by Holbom and Austin^^ undertaken 
to determine the specific heat of atmospheric air and 
other gases for temperatures up to lOOO^C. show a slight 
increase in that value, their maximum results for air be- 
ing 0.2430 as the mean value between 20^ and 800^. Their 
results however are probably less free from error than 
those of other investigators at lower temperatures. 

Witkowski's results from his investigation of the 
specific heat of air at very low temperatures and very high 
pressures, depend upon a previous work of his own on the 
thermal expansion and compressibility of air^. 



^Preuss. Akad. Wiss. Berlin, Sitzber. 5, pp. 175-178, *05 
Sci. Abs. 8, 1905, No. 765. 

^Phil. Mag. S. 5, Vol. 41, 1896, pp. 288-312. 
Beibiatter 20, 1896, p. 639- 
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By aid of the formula,- 



in which c. is 



the constant value of the specific heat of air at constant 
atmospheric pressure (0.237fe) , t is the absolute (thermo- 
dynamic) temperature of the isothermal, m the mass of the 
gas and J the dynamical equivalent of the heat unit, the 
values of Cp were determined by mechanical integration of 
the dilatation curves, for pressures from 10 to 100 atmos- 
pheres, and for temperatures of 0^, -50^, -100^ and by 5^ 
intervals to -145^. These values of Cp are plotted in two 
ways on Plates II and III; first as specific heat against 
pressure, on isothermal lines; and second as specific heat 
against temperature on lines of equal pressure (isopiestics 
or isobars). An exstmination of these curves v/ill disclose 
the following relations; 

The specific heat of air increases with the pressure 
and by far the more rapidly the lower the temperature. It 
furthermore attains a maximum at one particular and definite 
pressure different for each temperature, and diminishes 
thereafter with increasing pressure. At increasing temper- 
atures these variations tend almost entirely to disappear. 
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The second set of curves, Plate III, show or suggest a 
little more. It is to be regretted that the necessary data 
is lacking with which to extend the curves to still lower 
temperatures. They suggest however that for each pressure 
there is some definite temperature, higher for higher pres- 
sures, at which the value of Cp is a maximum; that for those 
pressures and temperatures on the saturation curve this 
maximum tends toward an infinite value, probably abruptly at 
points below the critical. What occurs on the liquid side 
of the saturation curve is not evident froir. the diagram, 
though, a pos::ible more or less appiroximate reflection of 
the portion already determined is suggested. Thei*e are 
some seeming irregularities in the isobars above 50 atmos- 
pheres; some of these are probably due to experimental 
errors, though not all. 

The specific heat at constant volume^ Cy, is calculated 
from the formula, 



and is given for densities of the gas from l/v = 10 to 

l/v = 100, (where v = 1 under standard conditions), and for a 



ted on isothermal lines against pressure are shown in Plate 



Cv = Cp - «l.(d^p/dt^)/(dp/dv), 



series of temperatures from 0^ to -140^, These values plot- 
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IV, Fig. 1. They show the relation of Cy to pressure to be 
practically linear, and also that the increase of Cy due to 
pressure is very great at the lower temperatures* The re- 
lation is not strictly linear as shown, but the deviation 
is too slight to be evident in the figure. 

The ratios of Cp/cy = k (See Fig.2), are small at high 
temperatures but increase with the density throughout. At a 
temperature in the vicinity of -120^, k atains a maximum 
and then rapidly decreases with falling temperature. 

In the direction of high temperatures Stevens^ has found 
k to be 1.34 at lOOO^C. A similar investigation with im- 
proved apparatus (acoustic method) was undertaken more 

# o 
recently by Alfred K&lahne^ who determined k at 900 C. to 

be 1.39. These results are far from concordant, but they 
are in the same direction, showing a decrease in value 
compared to the normal value of about 1.4 (1.4025, Lummer 
and Pringsheim)? This is in agreement v/ith the trend ob- 
served in the diagram above, Fig. 2. 

^Anm d. Phys. 7, p. 285, 1902. See also Quincke, 
Wied.Ann. 63, p. 66, 1897. 

^challgeschwindigkeit und Verhftltnis der Spez. Wflrme 
der Luft bei hoher Tempera tur." (J.A.Barth, Leipsic, 190a) 
©Smithsonian Contrib. , Vol. 29, 1903, No. 1126. 
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Without any doubt whatever the most thorough, extended 
and painstaking investigations ever undertaken and successfljl- 
ly completed, to determine the properties of fluids are the 
classic experiments of Amagat with air, hydrogen, nitrogen, 
oxygen, ethylene, carbon-dioxide, and others, published at 
intervals during the last 15 or 20 years. His researches 
on the dilatation and compressibility of these fluids, ex- 
tended through a pressure range whose uppey limit was not 
less than 1000 atmospheres in most cases, and as great as 
3000 atmostpheres in some cases; and through a temperature 
range from 0^ to 258^0. Bvery precaution possible was tak- 
en to obtain accurate data, and the results obtained fur- 
nish material of exceeding value in the attempt to determiiB 
the exact fundamental relations between pressure, tempera- 
ture and volume of fluids. 

The properties of COg have been most widely discussed, 
as that fluid is typical of a certain type (tri-atomic) of 
imperfect gases, and its critical conditions are most easi- 
ly attainable and studied. Prom an analysis of his data on 
COg in both tabular and graphical form, Amagat has arrived 
at the following expression for the characteristic equation 
of this fluid, viz.- 
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) p ^ y /v.-^ T(a ♦ m T=T? 4 c 7^5" ' ) - ^rp, in which a, b, 

c, d, k, m, n, R, oc , and are constants, p, v, and T be- 
ing the variables. 

This exceedingly complicated formula with three varia- 
bles and nine constants is a marked contrast to the simple 
equation for the ideal gas, viz.- pv = RT. The history of 
the construction of this formula which satisfactorily rep- 
resents the results obtained with pressures varying from 
1 to 1000 atmospheres, and temperatures ranging from zero 
to 258^, is given at some length in Comptes Rendus, 128, 
1899, pp. 538-542. 

As has been observed before, If the variation of speci- 
fic heat with temperature is known for one constant pressure, 

the 

this value together with the knowledge of^ compressibility 
and expansibility of a fluid suffices to determine the 
value of the specific heats at any temperature or pressure. 

Amagat'^*' has plotted 44 isopiestics on a volume- tempera- 
ture diagram, from the results of his experiments on CO^ • 
From these curves he has obtained by graphical differentia- 
tion the values of dv/dt for 25 temperatures, and plotted 

them as ordinates with temperatures as abscissae. Prom these 
^Comptes Rendus 130, p. 1443, 1900. Sci •d^i^d5y,G<0)tQgtep 
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second derived curves he has similarly obtained the values 
of d^v/dt* and has plotted them with the corresponding 
pressures as abscissae. Thence by simple quadrature he ob- 
tains the difference betvreen the isopiestic spedific heats, 



i.e. , the rate of change of specific heat at constant press- 
ure with pressure when the temperature is constant, is pro- 
portional, but opposite, to the rate of change with temper- 
ature of the temperature-coefficient of expansion when the 
pressure is constant. This relation is shown by the very 
interesting and instructive set of curves reproduced on 
Plate V, in which for CO2 the values of d^v/dt^are plotted 
as ordinates of isotherms, against pressures as abscissae. 

These curves show that for a temperature above the 
critical point. Cp increases with the pressure, at first 
rapidly (especially at low temperatures) , attaining a maxi- 
mum value at a pressure given by d^v/dt^= 0, which (pressure) 
continually increases with the temperature; and after\\'ards 
diminishes, at first rapidly and then at a decreasing rate 
as the pressures continue to increase. 1[Compare Witkowski^s 
curves for air). Also that for a temperature below the crit- 
ical Cp increases with pressure until a state of saturation 



since 



J(dcp/dp)^ = -t(d^v/dt^)p ; 
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is reached, but then undergoes an abrupt change (the sign of 
which is not a 'priori assignable, but a method calculation 
is given), and aftervTards decreases indefinitely and less and 
less rapidly as the pressure continues to increase, so that 
its maxinnim value occurs when the vapor is saturated, and 
therefore at a pressure which increases with t as before* 
Further, that the maxiraum value of Cp is the greater, the neai»- 
er the corresponding point is to the critical point, being 
infinite at that point; lastly that for a gaseous state 
the variations of Cp decrease indefinitely becoming extreme- 
ly small, and also, from and after a certain pressure for 
each temperature they decrease indefinitely with increase 
of pressure. 

Probably the most valuable direct researches on the 
specific heat at constant volume, Cy, are those made by Joly^'^ 
in Dublin* He determined for air, hydrogen and COg the 
values of Cy at temperatures between 0^ and 100^, for a 
pressure interval of nearly 100 atmospheres. The results 
for COg graphically represented in Plate VI show that the 
specific heat Cy increases with the density; that v/'ithin the 
limits of the experiments this relation is nearly linear; 

^Phil. Trans- , Vol. 182, 1891, Vol. 185, 1894. 
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that the departure from a linear relation increases pcsitivelir 
with increasing density; and furthermore that Cy increases 
with decrease in temperature. The relation of the mean Cy 
from about 10^ to lOQO to densities up to 0.15 is given by 
the formula Cy = 0.1650(- 0.2125^- 0.3400(D^. At decreas- 
ing densities the specific heat appears to approach the 
constant value of 0.1650. 

Lussana' made experiments on Cy similar to those of 
Joly but with very discordant results. Later, however, he 
advances the view based upon experim.ental evidence,, that the 
specific heat of air at constant volume referred to unit 
mass depend^, for low pressures^ on the density. This is 
certaiiiiy^Po rather gases as well; for COg the coefficient 
of variation of Cy with pressure, as determined by Lussana, 
is fully confirmed by the researches of Amagat. 

C. Dieterici^ experimented with COg and isopentane. 
The values of the amounts of heat required to raise the tem- 
perature of the fluid confined at constant vblum.e through 
observed ranges were determined, from v/hich the actual in- 
ternal specific heat S^^Cto use his notation), of the saturated 

%. Cimento, 4, 6, pp. 81-93, 1897. Sci. Abs. 1898,129. 
^Ann. d. Phys. 12, 1. Sci. Abs. 190^4^ No. 169a 
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liquid at temperature T was deduced; and from these , together 
with Young* s and Amagat^s data, have been calculated the 
values of internal specific heats, and of the liquid 
and vapor when just saturated. His conclusion is that k 
varies only slightly with the temperature but considerably 
with the volume having a maximum value for the critical vol- 
ume. The accuracy of his deductions have however been 
severly criticized by E* Mathias."^* 

After Joly had determined the values of c^ above describ- 
ed, Amagat, with the aid of the formula,- 

22 ^ Cv ^ AT(dp/dt)(dv/dt) ^ ^^^.^^ 

Cv Cy 

let N = AT^.^ , undertook from his own 

previous investigations, to determine the value of the 
ratio k = Cp/cy for COg. These calculations, for constant 
volume and a density of 0.124, while the temperature increas- 
ed from 20^ t.o 100^, and the pressure increased corresponding- 
ly from 45.1 to 69.5 atmospheres, gave a decrease of k from 
1.930 to 1.592. On the ether hand at a constant temperature 
of 50^ and at pressure increased from 50 to 100 atmospheres 
the value of k increased from 1.705 to 4.633. Its normal 



Sci. Abs. 8, 1905, No. 568. 
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value is 1.3 (1.2995, Lummer and Pringsheim) . So it is sem 
that in any case k increases conjointly with the pressure, 
while at constant pressure k decreases rather rapidly with 
increase in temperature. See Plate VII* If the value of 
N for a definite terriperature (50 ) and a still higher press- 
.ure(up to 900 atmospheres) be calculated, it "becomes evident, 
since there are no sudden changes in Cy probable, we may 
arrive at the conclusion that k reaches a maximum between 
100 and 125 atmospheres, and then decreases regularly. At 
temperatures lying closer to the critical point these varia- 
tions would appear much sharper, but exact data thereon is 
lacking. At higher temperatures on the contrary these 
variations become less pronounced, and the maximum through 
which the value of k passes, tends to disappear. Amagat 
sought to fill out the experimental deff iciencies by an in- 
vestigation of the corresponding ratio for hydrogen and air, 
which more approach the perfect condition. The values of N 
are here considerable smaller than with COg but they like- 
wise exhibit a maximum. 

Experiir.ents made by Lussana''*' tend to confirm Aniagat's 

* :T. Gimento 7, pp. 61-62; 365-376, 1898, 81-93, 1897. 
Sci.Abs. II, 1899, NO. 43. 
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law according to which the specific heat at constant press- 
ure referred to unit mass of COg increases rapidly with the 
pressure, reaches a maximum at about 110 atmospheres, and thai 
diminishes up to 150 atmospheres, the limit of pressure 
reached in his (Lussana's) observations. This maximum tends 
to disappear with increase of temperature. In experiment- 
ing with mixtures of air and COg it is found that as the 
proportion of air Js increased the maximum observed in the 
case of COg for the value of Cp at about 110 atmospheres , 
tends to disappear and become non-existent, when the pro- 
portion of air is sufficiently great. 

In the first set of a later series of experiments un- 
der radically different methods of determining Cp it is 
shown that the mean variation of Cp per atmosphere is about 
0.00111. The second set of the series confirms the empirical 
formula, Cp = 0.23702 0.0015504(p-l) - 0.000001959l(p-lf. 
Comparing these results with those of Amagat and V/itkowski 
it is legitimate in infer that the specific heat at constant 
pressure, referred to unit mass, increases with the pressure, 
attains a maximum, and then decreases; that for air (v/ithin 
limits) it is represented by the above forimxla, and that ^more- 
over, it varies with the temperature. 
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Before leaving this phase of the subject mention may be 
made here of the researches and writings of Mollier, Lorenz, 
and Linde cn the thermal properties of COg, and the performance 
of CO2 refrigerating machines. In the "Zeitschrift ftir die 
gesamte Kaite-industrie^' , 1895, 1896, luollier has published 
a series of discussions in which on the basis of the numerous 
researches of Amagat on the pressure, volume, temperature 
relations of COg in all states, he derived and computed form- 
ulae and tables for all its important thermal properties both 
in- the saturated condition and without. Lorenz in the same 
magazine has a series of papers on the properties of superheats 
ed vapor and undcrcooled liquids and the phenomena involved 
in their expansion through throttle-valves, with" special ref- 
erence to COg in refrigerating machines. At the present 
writing these papers have net been available for study, 
but the brief abstracts diccovered indicate that they con- 
tain valuable relevant material. 



a fluid nor probably any other of its thorm.al properties 

is constant in value except under special limited condi- 

or 

tions^ they are all more^^less functions of temperature and 



Enough has nov/ been given to indicate 



the very general 



realization of the fact that 
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pressure or of density. The results of the most important 
observations on these relations for air and COr> that have 
coine to the writer* s notice have be^n presented in brief; 
much more might be mentioned bearing on the variations 
of specific heats regarding these and other fluids, especial- 
ly steam, (for v/hich an increase of Cp with superheat has 
been proven) ;but for present purposes what has been said 
will suffice. 

We will return now to the discussion by Carl Linde'^% 
"On the Variation of the Specific Heat of Gases." It will 
be quoted in full:. 

"The question as to whether or not the specific heat 
of gasos especially air depentls upon their thermal condi- 
tion, and how, is variously answered by physicists. VThile, 
upon the basis of the experiments of Regnault, E* V/iedemann 
and others, the specific heat of air at constant pressure, 
Cp, is generally considoi-ed to have a value that is inde- 
pendent of temperature and pressure, yet , referring only to 
the best knov/n of the recent experimental investigations, 
Lussana' has found an increase of specific heat with in- 



"Gitzber. d. matli. -phys. Classe d. kBn. Bayer. Akad. d. 
V/iss. 2U :.:finchen, 18D7, Bd. 97, pp. 435-489. 



JL 



"IJ. Gimonto. 1894, pp. 70-37, 130-1^9. 
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creasing pressure, Mallard and le eiiatelier believe to 
have firuily established such an increase with increasing 
temperatures* (Compare Holbom and Austin). 

"Specific heat has also been made the subject of theo- 
retical investigations. Indeed Cp must have a constant 
value for a perfect gas, and therefore for a gas in which 
the attractive forces betv/een the sm.allest particles are 
no. longer effective, so that change of energy consists 
only in that part of the kinetic energy corresponding to 
translatory motion of the molecules. All departures from 
these conditions must in general result in change of c , 
and, in conformity thereto, such departures bear a defin- 
ite relation to this change. So, for instance, froir. the 
variation of the coefficients of expansion, Witkowski has 
calculated the variation in Cp and has found it to increase 
v/ith increasing pressure and decreasing temperature. Now 
a phenomenon which especially clearly shows the effect and 
magnitude of the internal v/ork of the molecular attractive 
forces, is the cooling that a gas undergoes when /.yI thou t 
doing external work^it expands from a higher to a lower 
pressure. I have already intimated'^ that there is an es- 



JComptes Rendus 104, pp. 1730-82, 1887. 
#V/iedemann*s Ann. , 1396, p. 328. 




Digitized by 



Google 



27. 



pecially simple and distinct relation beV.veen the variation 
of this cooling-effect and that of Cp . 

under- 

" Investigation of this cooling- effect was^taken many 
years ago by Joule and Thomson*, within certain limits, for 
air, hydrogen and COg. These experimenters reduced the 
results of their observations to the following approximate 
formula for small pressure differences; 

cr= T - = a£-=^« or dT = a-^^.^ (1) 

in which ^ is the cooling fY6m the the absolute initial 
temperature T^to the resulting absolute temperature 0, 
during the expansion from the pressiire p to the pressure p^, 
and a is a constant (for air 20808 With p expressed in kg. 
per sq* meter) . From this relation the conclusion may be 
drav/n as follo;7s; 

"If the quantity of heat, H, be removed from a cur- 
rent of gas under constant pressure p,so that the temper- 
ature falls from T]_to Tg; if the gas then undergoes a fur- 
ther cooling to T3 through expansion to p^and finally 
receives again the same quantity of heat H at constant 
pressure p^ v^ithout any other change of energy taking place, 
then according to these conditions, and the above relations, 
-'Thil. Trans. Roy. Soc. , 1362, p. 579. 
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the final resulting temperature must be the same as that 
which v/ould have occurred if the gas had expanded directly 
from and p to Pq v/ithout the intermediate exchange of 
the quantity of heat sfH. V/e have therefore the relation; 

H = Cp (T^-Tg) = CpjT^-Tg) 
where Cp and Cp^are the mean values of the specific heats 
at the constant pressures p and p^, "between the correspond- 
ing temperature limits. If Tg-T^ is greater than T^-T^ 
then it follows that c^ is greater than Cp* For differ- 



ential values of H. 



dH = Cp dT = Cp (dT ^ d^) 

and since S increases v/ith decreasing temperature, 

«p = <=pii-iT' 

"If the absoluto temperatures are plotted on a dia- 
gram as ordinatcs and the corresponding values of J as ab- 
scissae for a constant and definite "ove^zuvo difference, 
(p, - P^) > Q-i^A at any point on the resulting so-called cool- 
ing-effect curve, a tangent is dravm making the angle 
with the axis of ordinates then we haver- 
ed = c>.(l+tanj2f) - -- -- -- I. 

"This relation as derived is general and in all 
strictness applicable, since it is developed without any 
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other hypotheses than those contained in the principle of 
the conservation of energy. According to this relation, 
for a knowledge of tho variation bf specific heat with 
pressure and temperature, it is essential to Imow the couras 
of the cooling-effect curve for a particular and definite 
pressure difference* Numerical values of Cp for a particu- 
lar gas can be found if a (numerical) expression for the 
law of the variation of this cooling-effect with tempera- 
ture is given. On the supposition that the above equation 
(1) represents such an expression, then the follov/ing results;. 




(1) 



The integration loads to, 



3a(p^ - p^) 



whence 



and 



J = T - 9 



d(5 



9 



^T^- 3a (p, -p^) 
T -(T^-3a "p^V 



dT 




or 



1 - (T/9)2 



dT 



but since d<5/dT is a 



cooling-effect it is negative and the 



last expression may be written 



Prom I 



If = (T/0)^-l = tan jZf. 
Op = Cpil+tB.n0) = Cp(T/9) 
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''Now for indefinitely small pressures Cp approaches a 
constant value as is evident from Witkowski^s investigations 
at very low temperatures and pressures. If for atmospheric 



air this value is 


taken as 0.237 


and a = 


20808, then 


the 


following values 


for 1000 Cp are 


obtained: (See Plate VIII.) 




+ 100^0. 


0°C. 


-50°C. 


-100°G 


10 atmospheres 


.239 


242 


245 


258 


40 " 


.245 


251 


278 


369 


70 « 


.251 


277 


331 


846 



(These values though not in close agreerp.ent with 
Witkowski's results follow for a part of their course the 
same general form. (Compare Plate II.) It will be observ- 
ed however that the curves exhibit no sign of maximum and 

as 

retrograde values /^d© those of Witkowski. This is undoubt- 
edly due to the fact that in equation (l) from which they 
are derived, the cooling-effect for a definite pressure dif- 
ference is expressed as a funj^ion of the absolute temper- 
ature only, and as independent of the absolute pressure, 
or density. While this is a very close approximation to 
the truth as revealed by the investigations of Joule and 
Thomson, for a limited range, it is alniost certain that 
beyond these limits the dependence of the cooling-effect 
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upon absolute pressure or density is considerable, and if 
correctly determined and expressed in equation (l) would 
so modify the derivations dependent upon it as to give re- 
sults in closer accordance v/ith Witkowski's. Indeed 



Natanson^ experimenting with COg at ordinary temperatures 



has shown that up to 25 atmospheres this coo ling-of feet in- 
creases v/ith the pressure according to linear relations. 
Kester, for COg^* at 22^ discovered the relation that dT/dp 
= 1.181 - O.OOlSp. (Sci* Abs. 8, 1905, No. 763.)) 

Linde continues,- "It is obvious that the above form- 
ula (II) ceases to be applicable as soon as the saturation 
temperature is reached at which liquifaction commences. At 
the critical state Cp must be infinite because here infini- 
tesimal changes of temperature produce finite changes of 
volume. If we seek for the terr.perature at which = 90^ 
and Cp is infinite (under a pressure of 39 atmospheres, 
the critical pressure of air) ,we find from the above equa- 
tion (II) that T^= -136^, v.'hich is a value lying near the 
actual critical temperature of air (-14^^. Herein is con- 
firmation not only ^ for the correctness of the above consi(i- 
erat ions, but also for the assumption that the constants 
given by Joule and Thomson are applicable within very wide 
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limits. That the value of a cannot be a constant prevails 

from theoretical considerations, and is in accord with meaa-^ 

urements I have been able to make in many experiments on 

the outflow of air under pressures up to 250 atmospheres. 

(Further information regarding these experiments the writer 

has been unable to find.) While for all pressures do^m to 

the liquifaction temperature an increase of cooling-effect 

inverse 

in proportion to tne/vsquare of the absolute temperature is 
shown, the proportionality of this effect to the pressure 
difference as observed by Joule and Thomson, ceases to hold 
for high pressures; beginning at about 50 atmospheres a 
noticeable increase of with increase in pressure is ap- 
parent. 

"The prosecution of exact experiments for the deter- 
mination of the cooling-effect of free expansion within 
wider pressure (and temperature) limits would furnish contri- 
butions of decisive value to establish the variation of the 
specific heat of gases. " 

Linde*s method of determining specific heats appears 
to be fundamental in principle and of universal applicability 
within its proper limits. It depends as stated upon an ex- 
act knowledge of the dependence of the temperature change 
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of free expansion upon absolute temperature and pressure, or 
density. It seems strange that the results given by Joule 
and Thomson should have stood alone for so long, and have in 
general ^been so universally applied and extended, with so 
little question, or without confirmation by repeated ex- 
periments. But of late much interest has developed in this 
direction, and v/ork is under way extending the limits of the 
previous investigations. But few reports as yet, have been 
published. or come to the writer's attention. 

This theory of Linde and others as just outlined, and 
upon which the operation of the Linde and Hampson air liq- 
uifiers is generally considered to be based, has recently been 
very vigorously attacked by Prof. Raoul Pictet , who asserts 
that the production of cold in these machines, is almost en- 
tirely due to external work done as the gas expands," increas- 
ing its volume against external pressure. It has long been 
held by most authorities on thermodynamics, that, at least 
with gases far removed from the saturated state, there can be 
no cocrt.ing in (insulated) throttled' expansion, or wire-draw- 
ing, i. e. in the so called free or unresisted expansion, 

^^"Theorie der Apparate zur Herstellung fliissiger Luft 
mit Entspannung.*' — Zeitschrift ftir komprimierte und flilssige 
Gase, Vol. 7, p. 21, et seq. 1903. 
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"because, being unresisted, no external work is done; and hence 
whatever cooling-effect may occur, can only result fron in- 
ternal work betv/aen the molecules as modified by the extent 
of the departure of the g9.se s from an ideal state. This has 
been the ordinary experience in compressed air work. The 
cooling that occurs in throttling from ordinary pressures is 
so small as to entirely escape notice; and it can therefore 
not be used for refrigerating purposes. Only by allo\7ing 
the air to expand behind the piston of a motor and do ex- 
ternal work can appreciable cooling-effect be observed; 
under these conditions it is considerable. 

Pictet shows that according to Joule and Thomson *s 
law the fall of temperature from O^C. for a drop in press- 
ure from 250 atmospheres to 1 atmosphere is 68.7^, while 
that due to the external work of increase of volume, as he 
claims is 61.1^. The disagreeLient here is considerable, 
but still riot excessive. Similar calculations for an equal 

pressure drop from -141^0. , the critical temperature of air, 
give 

respectively, 294^ and 29-l/2^. The former value appears 
to be extravagant indicating (in temperature values) an 
absolute negative temperature of -162^ • Regarding the lat- 
ter value, 29-1/2? he says; 
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"This is easily explained since the gas continually re- 
duces in volume as the temperature falls, (and hence the in- 



This entirely natural result st0,nds in severe and incompati- 
ble opposition to the theory of Linde. - - - - How is it 
possible that so colossal a difference that stands so com- 
pletely at variance to all experience has not raised doubt 
among the distinguished scholars who are accustomed to 
working and investigation in these fields^" After an ex- 
tended discussion of what he considers to be the actual e- 
vents occurring in the operation of Lindens liquifier, aided 
throughout by simple numerical examples he concludes as fol- 
lows: "This study has allowed us to follow in all their 
individuality the phenomena which successively or simultane- 
ously occur in a machine for the liquifaction of air accord- 
ing to the system of Linde. We have seen that only the ex- 
ternal work of pushing away the atmospheric air which press- 
es against the inner tubes is the real cause of the cooling 
obtained that leads to the liquifaction of a definite quan- 
tity of air. In no manner do these machines form a special 
category of appat?atus which utilize physical phenomena that 
in earlier apparatus remained unemployed (ohne Anwendung). 



crease in volume for a given pressure change also reduces). 




Digitized by 



Googl 



36 • 



They are however reduced reproductions of the apparatus of 
Siemens and especially of that of Solvay. Indeed if we dis- 
pense with the motor in the machine described in the patents 
of Solvay, which can have no function! and replace it simply 
by the expansion of the compressed air which freely increases 
its volume against the external pressure, we arrive at an 
identity. The conception of the internal v/ork of the gas 
upon v/hich the patent of Herr von Linde rests, is incorrect" 
In another place he states that Linde appears to have per- 
ceived his error. 

In a later number of the same magazine Pictet publishes 
an article^ in which he derives the important ccmclusion 
that the cooling obtaining' from the free expansion of a 
fluid after the ^molecular tumult'has subsided arises only 
from the external work of that gaseous part of the fluid vrhich 
though pre-cooled is not liquified. For he considere that 
in the neighborhood of the liquid and especially the criti- 
cal states, the apparently homogeneous mass of fluid really 
consists of a mixture of "liqubgenic'* and"gasogenic" mole- 
cules, and that the particular phenomena that may be observ- 
ed in these conditions depend upbn the proportion and distii- 

^eitrag zur Theorie der Kompression und Entspannung vai 
Gasen, Feb. et seq. , Vol. 7, 8, 1904. o,,,ed by GoOglc 
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bution of these two kinds of molecules as they happen to be 
present, and the immediate past history of the fluid* 

This latter view receives direct and partial support 



••On the Continuity of Isothermal Transformation from the 
Liquid to the Gaseous State/* in which he offers a possible 
explanation of the fact that during isothermal evaporation 
the volume of a fluid increases at constn.nt pressure until 
the transformation is complete. The shape of the isothermals 
above the critical point and certain thermodynamic equations 
that represent them indicate that below this point the 
curve should take a double bend, croGsing in three points 
the straight line representing the the observed occurrences 
connecting the liquid and gaseous states. If the influence 
of gravity could be removed from a homogeneous liquid, and 
heat uniformly applied, it would begin to evaporate all 
through its volume at the same time; the m.ass v/ould then 
cease to be homiogeneous , consisting of a heterogeneous col- 
lection of minute vapor bubbles throughout the liquid. As 
the transformation continue© the bubbles grow and eventually 
the mass becomes a collection of liquid drops suspended 



by the suggestions put forth by Thomas Preston in an article'' 



Phil. Mag. S. 5, Vol. 42, 1896, pp. 231-240. 
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throughout the vapor. If the bubbles and drops are continual- 
ly uniform, according to the laws of vapor pressure and surface 
tension the pressure and volume relations would follow the 



one. But the conditions throughout are unstable; an un- 
equal distribution of the bubbles, or drops, or a variaticn 
in their size, together with the hydrostatic pressure due 
to gravity render equilibrium impossible; the change then 
from one state to the other instead of being simultaneous 
for all particles is, so to speak, consecutive, and each 
part of the change being like the preceding the pressure 
remains constant until the transformation is complete. 

However as the temperature and pressure of evaporaticn 
is Increased the differenbes in density of the vapor and 
liquid become less, the differential action of gravity is 
smaller, and the relations between vapor pressure and 
surface tension change, so that the combined effect is to 
render more nearly stable a possible condition like the 
one just outlined. As the critical conditions are approadi- 
ed the stability is increased and beyond that the conditions 
would be stable. But for sonie distance either side of the 
critical the conditions, though changing rapidly, are still cf 



curved line . during; the transform.ation, instead of the straight 
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such a nature that a mass of fluicl(C02 for instance) might 
indicate one temperature and yet actually contain enough 
particles of fluid corresponding in condition to another 
temperature, sufficient to influence the apparent thermal 
properties or capacities of the whole mass, and make any 
determination oi* future behavior dependent upon the immedi- 
ate past history of the fluid as a whole. 

An inspection of the curves, Plate I, sho\ving the heat 
of evaporation and the saturation volumes of CO^ as functions 
of temperature will perhaps serve to illustrate this possi- 
bility, for it is seen that the curves approach horizontal- 
ity in the vicinity of the critical temperature, indicating 
that there, to very small changes of temperature correspond 
relatively great changes of heats of evaporation and of 



This then is a part of what Pictet refers to ^7hen he 
says, "This theoretical consideration, completely verified 
by experiments is of the utmost importance in the construc- 
tion and superintendence of the operation of apparatus for 
the production of liquid air by its expansion from a higher 
to atmospheric pres3ure." He concludes, " After the detailed 
analysis of the occurrences during the expansion of a com - 



volume. 
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pressed gas, it is evident that at present it is impossible 



a ntunerical law. The greatest deff iciency at present is in 
our lack of knowledge concerning the inner structiire of the 
molecule, its internal energy and "potential building". 'It 
is necessary:- To determine by direct experimental evidence 
this potential and its numerical value, on the one side as 
a function of the absolute pressure, and on the other side 
as a function of the absolute temperature at which the com- 
pression occurs: To verify, by sensitive calorimeters, the 
differences that exist between the energy represented by the 
area of the compression diagram of the gas^ and the Jieat act- 
ually produced or made sensible by its compression. Purthei^ 
more there must be exactly determined for each gas; (l) The 

increase of the 'apparent * specif ic heat just above the criti- 
point, as a 

cal^ function of the pressure. (2) The corresponding increase 
of density of the gas both in relation to temperature and 
pressure just above the critical point." 

Pictet is a physicist, scholar, and engineer of ronown 
who has be::n considered an authority in matters of this nat- 
ure. Yet in setting forth these new vie\Ys on these import- 
ant relations, he places himself in many respects conpletoly 



to grasp or def infe the problem so that it can be expressed "by 
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at variance with some hitherto existin^^^^ceptions that have 



become almost axiomatic among scientists. In this respect 
hov/ever, he is not entirely alone; there are others Who have 
been doing some original thinking. Engineer C. Heinel of 
the technical high school of Berlin, in a paper ^^prs sent ing 
the various phases of thermodynamic engine design by a 
method exceedingly interesting and lucid takes exception 
to some of the accepted and fundamental ideas of thermo- 
dynamics, but does it in a manner so logical and compre- 
hensive as to incite considera^?e^concerning the basis of 
previous views. For example he attacks one of the princi- 
pal and original recognized indications of a so-called 
absolute zero of tcT.perature , to wit, the pre oortionality 
to the temperature of the volume of a * perfect* gas main- 
tained under constant pressure. His reasons for this are 
graphical^"s?iov7n in Plate IX. Each of the straight lines 
(Fig. b) which represents the relation between temperature 
and volume increments within the proportional limits, if 
extended, cuts the axis of ordinates in a different point; 
furthermore the slope of the lines, that is, the expansion 
coefficient, is different for each different state of mat- 
ter. From which it fo llows theoretically, that it is in- 
^Zeit. f. k. und fl. Gase, Sept. et seq. 1904-5. C^r\r^r^]o 
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correct to take as the absolute zero of temperature that 
point at which the line of the so-called permanent gases 
cuts the axis, in preference to a point determined by the 
intersection of any other line. The figures on Plate IX 
are quite self-explanatory, and illustrate the authort 
new conception with considerable force. 

These discussions by Pictet and Heinel are here mention- 
ed as important in^ their expression of nev^ though radical 
conceptions by eminent scientists of some of the thermo- 
dynamic phenomena relative to the subject at hand. 

Along with the pursuance of literary research on the 
subject of cpecific heats, the writer has had continually 
in mind methods that may be used for the experimental de- 
termination of the specific relations desired, should this 
knowledge otherwise fail to be forthcoming. Mention of 
progress in this respect therefore will not be out of place 
here; though it must be remembered that sources of imforma- 

tion are as yet by no means exhausted, and that possibly 
no experiments may be necessary. 

Several methods have suggested themselves to the v/riter 

or come to his attention. The first and perhaps the simplest 
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is ths one by comparison. Consider a counter- current appar- 
atus through which a fluid can pass in one direction, and 
return in the other. If the fluid enters at one tempera- 
ture T]^, and pressure p^ ^ and returns at another temperature 
T., and pressure p,then the two currents flowing in opposite 
directions, and continually toward points of increasing 
or decreasing temperature will exchange a certain amount 
of heat. If there are no external losses, the anount, H, 
that one current loses the other gains, and vice versa; 
and the following relation holds;- 

H = WCp^(T^- Tg) = Wcp^d^- T3) 
where W is the quantity of fluid in circulation per unit 
time, Tj^,.!^, are the entering temperatures and Tg, T^, 
the leaving temperatures at the pressures p and p respect- 
ively; Cp and c are the corresponding specific heats 
at the constant pressures; and H is the quantity of heat 
transferred per unit time. Since V/ is constant, 

^] 

If the variation of Cp with temperature is known for 
any one constant pressure p^, then from the above, the 
absolute value of Cp at any temperature and pressure can 
be determined by direct proportion^ In any case however 
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the method gives the relative value of the mean specific 
heats between practically the same temperature limits under 
two different and known pressures, which is the information 
originally desired. The advantages of this method are the 
following;- no knowledge is required of the quantity of 
fluid in use, which is a very decided advantage; no 
quantity of heat has to be measured; it is entirely inde- 
pendent of any thermal capacity of the apparatus; the only 
observations are temperature and pressure; the necessary ap- 
paratus is comparatively simple and inexpensive. All of 
these features are extremely desirable. 

On the other hand however, the requirements for accursb- 
cy are somewhat conflicting. Radiation loss must either 
be determined or eliminated. By proper insulation and the 
circulation of large quantities of fluid per unit time it 
is possible to reduce the error due td this loss to a point 
where its effect on temperature measurement is in the 
vicinity of one one-hundredth of a degree. Y/ith v/hat facil- 
ity this may be done however awaits trial. Accurate deter- 
minations of the relation sought, demand that the tempera- 
ture intervals be sufficiently large to reduce the errors 
due to instruments and their observations to a minimum; 




Digitized by 



Googl 



45* 

but to obtain the ratio of c^/cp at a definite temperature, 



a very short range of temperature must be used, which wiH 
introduce with undiB influence the errors just mentioned. 
Here then are two conflicting conditions for accurate re- 
sults. But as previously stated the method is comparati\©- 
ly simple, and for the rough relative values originally 
desired, would be quite satisfactory. 

As the study of the subject *as continued there 
developed the desire to obtain more nearly accurate and 
absolute values of these properties, and methods of so 
doing were considered. These include an extension of the 
porous plug or free expansion experiment as a check on 
other methods, and of value in itself. The direct method 
finally preferred is a modification of the continuous 
electrical calorimetric scheme used with so much success 
by Callendar and Barnes^ in their determination of the 
variation of the specific heat of water with temperature. 
These investigators used short temperature intervals (about 
8^C. ) as a basis for determining the specific heat at the 

^Wil. Trans. Roy. Soc. , 1902, Vol. 199A. 
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mean temperature of the interval. The faid was caused to 
flew at a known rate, through a specially insulated tube, 
through which passed a wire carrying a current of electrio- 
ity for supplying the energy necessary to produce the re- 
quired temperature change, and in a manner that rendered 
its precise measurement very simple. The temperature in- 
tervals were measured with extreme precision by means of 
a differential platinum- resistance thermometer. Their de- 
terminations on the specific heat of water ate undoubtedly 
the most reliable to date. However, this method could give 
only the mean specific heat over short temperature intervals, 
which is at best only an approximation to the specific heat 
at a definite temperature , and is almost if not quite entire- 
ly inapplicable to a fluid whose specific heat is changing 
rapidly v/ith temperature as when under critical conditions. 

The plan here proposed to use consists in measuring 
electrically the total amounts of energy required to raise 
a known amount of fluid circulating under constant press- 
ure from a constant initial temperature to each of several 
higher temperatures distributed along a convenient range. 
In this way^ by plotting these various quantities of heat 
against their resulting temperature changes, using the ini- 
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tial temperatures as origin, a curve may be drawn with con- 
siderable accuracy the slope of which at any point in terms 
of dQ/dT is the specific heat of the fluid at the correspondr 
ing temperature. This curve once accurately determined 
for any given pressure over a convenient temperature range 
may serve as a basis for its extension in either direction 
without limit; for it is only necessary to select another 
temperature interval, one of whose linits lies within the 
portion of the curve already determined, to locate a point 
in its extension. Slight irregularities due to unavoidable 
errors of observation are easily detected and smoothed out; 
while gross errors or abrupt or rapid actual changes of 
the relations are forcibly brought to view. The complete 
curve for a given pressure being determined and carefully 
drawn in fine lines to a suitable scale, may be enlarged 
if desired, for purposes of graphical differentiation. In 
this way the value of Cp = dQ/dT at any temperature can be 
obtained v/ith a high degree of accuracy. 

It is to be noted that in the operation of this m.ethod, 
the fluid is circulated at a constant pressure. No compres- 
sion is required beyond that needed to overcome friction of 
flow. The readings necessary are the electrical measure- 
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merits of volts and amperes, temperatures and pressures. 
Means of maintaining constant initial temperatures and con- 
stant conditions throughout each experiment must be pro- 
vided; these constant conditions once realized, a short 
series of readings will suffice. It is necessary however 
to obtain with accuracy the rate of flovr of the fluid, 
and this is one feature of the problem that is receiving 
careful attention. Since the quantity in circulation must 
be large and the pressures are high ordinary laboratory 
methods will not avail. Several methods are possible; by 
direct weighing,; by calibrated metering, either Venturi 
or ordinary water meter; or by displacement of the compress- 
or corrected for slip: each of which presents special difficult- 
ies, and none of which determine, directly , the m.ass of the 
fluid passing per unit time, for in any case it will be nec- 
escary to determine the fluid density at the meter . This 
also presents some difficulties, but methods of solution 
that promise satisfaction are being developed. Obviously 
this electrical method is rather more complicated than the 
counter-current comparative method; but the greater precision 
of the results that may be therewith obtained fully justifies 
its use. 
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The poaling-effect method suggested by Linde is quite 
as accurate in principle^ and appears to simplify experimental 
difficulties immensely. It is necessary, only , to obtain 
readings of pressure and temperature; provided the rate of 
flow of the quantity in circulation ( i.e. the mass per 
second, not feet or meters per second) is sufficient to 
make the radiation and conduction losses negligible, for 
the cooling-effect is independent of quantity. Lack of 
time has prevented the details from being worked out, but 
the ^^^^^Q-l scheme would be to construct a rather long 
porpus plug capable of absorbing considerable pressure, 
and observing the rate of fall both of pressure and of tem- 
perature along the plug. The fluid should enter at a 
constant temperature and pressure, variable at pleasure, 
and be circulated at a constant rate by a compressor un- 
til a steady state is attained. Edgar Buckingham^'*" has 
suggested a modification of this method whereby the heat 
necessary to obtain isothermal expansion of a gas through 
the plug is supplied and measured electrically, thus elim- 
inating (perhaps) errors of conduction^ancl others due to 



Phil* Mag. S. 6, Vol. 6, 1905, pp. 518-521. 
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the progressive change of temperature along the plug. His 
method however demands an exact knowledge of the specific 
heat ift its relation to temperature at the various press- 
ures, as well as of the rate of flow of the fluid in order 
to determine the tendency to change of temperature that is 
overcome by the heat supplied. Wherein its advantages 
over the original method lie is not apparent. By the use 
of a long plug as outlined above and the rate of fall of 
temperature and pressure along it for various initial 
temperatures and pressures, and for various total pressure 
drops through the plug, the value of dT/dp as a function of 
both temperature and pressure may be determined by a graph- 
ical device similar to the one just described, and from 
the:m the values of Cp as according to Linde. 

The fall of temperature along the plug can probably 
best be determined electrically, by the change in resist- 
ance of a wire passing through it, as evidenced by the fall 
of potential along the wire. Two methods of determining 
pressure suggest themselves; it is evident that the press- 
ures to be measured are small differences between large 
pressures, an observation that can be determined accurate- 
ly only with some form of differential manometer. For 
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small differences the mercury coliimn answers admirably; 
but the difficulty of obtaining glass tubes strong enough 
to stand with safety these high pressures is apparent. A 
new form of water column having a thick plate glass sight 
is obtainable however, that is guaranteed to resist 200 
atmospheres. Ordinary mercury tubes placed within this 
can probably be made to meet the requirements with safe- 
ty and satisfaction. When the pressure drops become very 
large the mercury gauges become unwieldy, and almost in- 
applicable, but in this case, for the same relative ac- 
curacy it is not essential to obtain measurements with the 
same absolute accuracy, as for the smaller differences. 

Amagat in his experiments carried up to several thou«=* 
sand atmospheres, used a form of free piston manometer for 
measuring absolute pressure; in principle it is simply the 
hydrostatic press reversed, the reduced pressure being 
read by a mercury column. In !a description'^ of an in- 
strument of this kind, arid of tests made to determine its 
precision in comparison with other forms of metallic man- 
ometers, it is shown that the experimental determination 

*E# Wagner, **Metallic manometers as high pressure 
instruments of precision^ — Ann. der Phys. 15, 5, 1904, 
pp. 906-953. Sci. Abs. 8, 1905, No. 499. 
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of the effective areas, (which in one particular instfuia^nt 
has a ratio of 60 to 1) rendered its absolute indications 
certainly correct to plus or minus 0.05^, with a sensibility 
of plus or minus 0#025 atmosphere. The tests were carried 
up to 500 atmospheres. For present purposes there has been 
designed after this principle, and is now being constructed, 
a special form of differential free piston manometer shown 
in Plate X. It consists of three concentric and connected 
steel pistons or plungers ground to exact dimensions, and 
operating within corresponding cylinders of steel also 
ground to size leaving the least possible : adequate clear- 
ance \vhich should be as littl:^ as l/lQOOO of an inch. 
The internal spaces connected to the gauge valve, and those 
at the outer ends of each small plunger are filled with 
castor oil, serving to transmit pressure, to prevent leak- 
age of gas and to lubricate the pistons. If two different 
and large pressures are applied to the smaller plungers, 
the three together will move in the direction of the 
greater pressure until, within the space in connection with 
the gauge, a pressure is developed by compression of the ofl.^ 
sufficient to balance the difference of pressure on the tw 
plungers. The dimensions are such that the area of each 
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plunger is equal to l/2 sq# inch, while that of the annular 
large piston between them is 5 sq. inches, giving a ratio 
of 1 to 10. If p^ is the greater tmit pressure on one plurig- 
er, Pg the lesser unit pressure on the other, and p the 
gauge -pressure , then p^ "Pg~ ^^P '^^^ dimensional rela- 
tion of pressures. By removing the pressure on one of 
the plungers p^ becomes zero and the instrument then serves 
Cor measurement of absolute pressure. In order to allow 
the instrument to adjust itself to give correct indications, 
friction of movement or of rest must be eliminated as far 
as possible. This is effected by giving the pistons a 
slight rotatory motion by a pin extending through a window 
in the side of the barrel as shown; the motion may be 
given only at times of reading the pressure, or it may be 
made continuous by a suitably arranged pendulum or clock- 
work. For the most precise work 4^ determination of the 
effective areas of the plungers, and their sensibility must 
be made. The instrument is designed for •working • press- 
ures up to 250 atmospheres, but should stand double that 
pressure with good results. 

It is obvious that experiments at high pressures and 
very low tenp.poratures require special apparatus and precau- 
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tions, and present special difficulties of preparation and 
operation. As apparatus of this kind was not available at 
this University a request v/as made by the writer several 
months since^to a Chicago firm dealing in COg machinery, 
to consider a proposition whereby the desired determinations 
might be made vz-ith their apparatus at their factory where 
facilities for the handling of high prescures obtained. 
Correspondence and personal interviews with Mr. P. Witten- 
meir, superintendent of Kroeschell Bros. Ice Machine Co. , 
Chicago, have resulted in the offer on his part of the 
gratuitous use in Madison, for a reasonable length of time, 
of a suitable COg compressor, any necessary fittings car- 
ried in stock, and a sufficient supply of COg fluid,. ' 
as commercially pure as can reasonably be obtained. 
These arrangements are very satisfactory indeed, and thante 
are due Mr. Wittenmeir for the interest thus shov/n and 
the favors offered. 

It is intended to continue for a time a research in 
the literature of the subject, in the hopes of finding 
some record of direct determinations that may already have 
been made. Failing this, the experimental work will be 
pushed as rapidly as conditions will permit with the app? 
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ratus at disposal and that may be obtained or constructed 

as required. Several other related problems will be studisd 

at the same time or later; for instance, the phenomena in- 
in the flow 

volved/of highly compressed air or COg through nozzles as 
in a turbine. Some phases of the work make it very desir- 
able to extend the investigations to the field of liquid 
air if the apparatus therefor may be available^ Ii3v;ever, 
the details of both the investigation and apparatus are 
as yet to be developed, and as they are somewhat mutually 
interdependent upon progressive results, complete definite- 
ness of plans cannot new be stated. It is expected to de- 
vote considerable time to the work the present summer and 
to continue it as a m.ajor study throughout the next colle- 
giate year. The writer is enabled to continue largely 
through the assistance afforded him by a Scholarship in 
Mechanical Engineering, recently conferred by the faculty 
of the College of Engineering, and he hereby takes this 
opportunity to express his grateful appreciation of the 
substantial honor thus received. 
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